Recently a putative K' channel with homology to the Shaker family of potassium channels has been cloned from human ventricular myocardium. However, proof that the cDNA encodes a K' channel requires appropriate translation and expression of a functional ion-selective channel. Therefore, expression of this putative human K' channel DNA was attempted by cytoplasmic injections of in vitro transcribed cRNA into Xenopus laevis oocytes and screening by two-electrode voltage-clamp methods. This resulted in expression of voltage-gated channels that rapidly inactivated (time constant of inactivation, 47.6±3.6 msec; 0 mV; n=10) and were at least 50 times more selective for K' than Na+ (Na+/K+ permeability ratio of 0.02). The channels showed voltage-dependent activation (half-maximal voltage, -34±0.7 mV; n=5), and 50% of the channels were inactivated within 2 seconds when the membrane potential was clamped near -60 mV (half-maximal voltage, -62±7 mV; n=10). The expressed protein resulted in a K' current that had many properties similar to the 4-aminopyridine-sensitive calcium-insensitive component of the cardiac transient outward current that is observed in native cardiac myocytes and thus may serve as one molecular substrate for this current. (Circulation Research 1992;71:732-736) KEY WoRDs * K' channel * antiarrhythmic drugs * excitation-contraction coupling * transient outward current
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Avariety of K' currents have been identified in cardiac cells,1 including at least two transient outward currents (ITOS).2 7 There is also species-dependent variability in the expression of these various components. Both rat and human exhibit a prominent ITO-One component of this ITO is voltage dependent, has an inactivation time constant (r) of approximately 36 msec at +20 mV, and is blocked by 0.5 mM 4-aminopyridine (4-AP). Multiple overlapping time-dependent ionic currents in the heart makes quantitative analysis difficult. Additional progress toward elucidating the mechanisms of cardiac excitability requires analysis at the molecular level in systems in which channels can be studied in isolation. Recent advances in cloning of ion channels have made the initial stages of this effort possible.8 Therefore, we have investigated a putative cardiac K+ channel cloned from human9'0 ventricle expressed in Xenopus laevis oocytes.
Materials and Methods
Channel cDNA Terminology Recently a uniform naming convention for cloned vertebrate K' channel cDNA has been proposed." Under that convention, the channels we describe in this article, RK2,10 RK3,10 and HK1,9 represent rat Kv1.2, rat Kv1.4, and human KvL.4, respectively. RK3 and HK1, both cloned from ventricular myocardium, presumably represent the rat and human cardiac isoforms of the same channel, rat and human Kv1.4, respectively. Strictly speaking, these names refer to the cDNAs that presumably code for a peptide that is one fourth of a functional K' channel. For the sake of conciseness, we use these names to refer to the channels themselves, as others have done.
Preparation ofXenopus Oocytes
Oocytes were obtained from frogs purchased from Xenopus 1, Ann Arbor, Mich. Defolliculated oocytes were prepared for RNA injection and electrical recording by exposure to collagenase (1 mg/ml, type II, Worthington Biochemical Corp., Freehold, N.J.) for 1-2 hours. Oocytes were removed as they dissociated from the epithelial/follicular cell matrix. They were kept in an incubator at 18°C for 3-24 hours before cytoplasmic injection of cRNA. After injection of 20-50 nl (10-20 ng) of 5' capped cRNA, the oocytes were kept for 2-8 days at 18°C, during which time they were tested for expression of K' current by two-electrode voltage clamp.
Preparation of RNA for Oocyte Injections
Cloning of channel cDNA from rat and human myocardium has been described in detail.9"10 Templates for in vitro cRNA synthesis from Kvl.2 DNA were prepared by subcloning cDNA fragments into the EcoRI site of p0EV. A linearized pOEV construct was incubated with 300 units T7 RNA polymerase and 0.5 mM CAP analogue, m7G(5')ppp(5')Gm, for 1 hour at 37°C in 40 mM Tris buffer at pH 7.5. The reaction mixture also contained 6 mM MgCl2, 2 mM spermidine, 5 mM NaCl, 10 mM dithiothreitol, 0.1 mg/ml bovine serum albumin, 2 units RNAsin, 0.5 mM ATP, 0.5 mM CTP, 0.5 mM UTP, and 50 ,tM GTP. The RNA was then incubated for 30 minutes at 37°C with 4.5 units poly(A) polymerase, precipitated in ethanol, and dissolved in H20.
Templates for in vitro cRNA synthesis from human Kvl.4 DNA were prepared as follows. The BstXI-EcoRI fragment of Kvl.4 (nucleotides 290-2,800) was isolated, blunted with the Klenow fragment of DNA polymerase I, and subcloned into the blunted Bgl II site of a Xenopus expression vector. 12 The construct was linearized with EcoRI, and cRNA was synthesized with SP6 polymerase using a transcription kit (Stratagene Inc., La Jolla, Calif.). For each batch of oocytes injected with channel cRNA, control oocytes were also injected with RNase-free water and were voltage-clamped to ensure that there were no endogenous ionic currents. If a significant endogenous current was seen at +40 mV, all the oocytes in the batch were discarded.
Two-Electrode Voltage Clamp
Oocytes were voltage-clamped using standard twomicroelectrode voltage-clamp techniques.13"14 Electrodes were pulled from Radnoti starbore glass and filled with 3 M KCl. Electrode resistances were 1-5 Mfl for voltage-recording electrodes and 0.15-0.3 Mfl for current-passing electrodes. Membrane potentials were controlled by an AxoClamp voltage-clamp amplifier (Axon Instruments, Burlingame, Calif.). With this amplifier and the low-resistance current electrodes, currents up to 10 ,uA could be measured. A grounded metal shield was inserted between the two electrodes to minimize electrode coupling and to speed the clamp rise time.
Voltage commands were generated by a 12-bit digitalto-analog converter (Tecmar, Cleveland, Ohio) driven by customized PCLAMP software (Axon Instruments). Currents were filtered at 1 kHz (-3 dB, four-pole Bessel filter) and sampled at 10 kHz by a 12-bit analogto-digital converter. Data were saved for subsequent analysis on the hard disk and were archived on an optical disk drive. The holding potential was -120 mV for cells expressing human Kvl.4 or -80 for rat Kvl.2 unless indicated otherwise. Recovery from inactivation for human Kvl.4 required over 10 seconds. Therefore, the cycle time for any protocol was 15 seconds or longer (with the exception of specific pulse trains). Between -120 and -80 mV, only passive linear leak was observed. Linear least-squares fits to these data were used for leak correction. All measurements were made with custom analysis programs designed to read and analyze PCLAMP binary data files.
Solutions
The bath solution (ND-96) contained (mM) NaCl 96, KCl Figure 2 ) with the same equation and extrapolating the amplitude to the time of the voltage jump. The fitted amplitude estimates the current through the open channels. Curve fitting was based on a nonlinear least-squares algorithm. The results were displayed in linear and semilogarithmic formats together with a plot of the residuals. Goodness of fit was judged by a X2 criterion and by visual inspection. Results are presented as mean+SEM. Statistical significance was taken asp<0.05. Figure 1 compares three oocytes injected with either water or in vitro transcribed RNA coding for rat Kvl.210 or human Kvl.4.9 As additional controls, we have also injected oocytes with RNA coding for 5 -hydroxytryptamine and angiotensin II receptors. These oocytes responded to 5-hydroxytryptamine and angiotensin II but showed no voltage-activated currents as were seen when channel-specific RNA was injected (data not shown). These experiments control for the possibility that simply injecting the oocytes or injecting them with RNA could somehow trigger expression of endogenous channels. Oocytes injected with Kvl.2-specific RNA ( Figure 1B) expressed a delayed K+ current that showed little inactivation; a modest (<20%) and very slow inactivation was observed with larger step potentials (>+30 mV), but this inactivation was incomplete after 5 sec-onds. On repolarization to -50 mV, outward K' current tails were observed. Thus, the phenotypic current behavior is that expected since the deduced amino acid sequence of Kvl.2 is similar to RCK5,16 which is expressed as a delayed rectifier current phenotype in oocytes. Figure 1C shows the currents expressed in oocytes injected with human Kv1.4 RNA. These currents activated and reached a peak in 15-40 msec (depending on membrane potential) and then inactivated fully within 300 msec.
Results

Human K+ Channel Expression in Oocytes
If we have in fact expressed a K' channel, then the reversal potential should depend on the external potassium concentration. To estimate the reversal potentials, we constructed "instantaneous" current-voltage curves obtained from tail currents as shown in Figures 2A and  2B . Channels were maximally opened by a brief voltage jump to +50 mV; then, before significant inactivation occurred, the membrane potential was changed to various levels as shown in Figure 2A . The relaxing K+ current tails were fitted with a monoexponential equation, and the instantaneous current amplitude was estimated by extrapolation of the fitted curve to the time of the voltage transition. This should give an approximation of current flowing through the open channels before additional gating (deactivation or inactivation) could occur. The current showed outward rectification that was well described by the equations for membrane current derived under the assumption of a constant transmembrane electric field.17 The outward rectification was most prominent in low external potassium concentrations. The curves became nearly linear as external K+ concentrations were increased and approached symmetrical K+ conditions. A plot of the channel reversal potentials as a function of external K+ concentration, shown in Figure 2C , reveals a K+-selective channel in which the reversal potentials can be described by the Goldman-Hodgkin-Katz voltage equation (Hillel7). The reversal potentials approach those predicted by the Nernst equation (dashed line) at high external K+ concentrations. At lower external K+ concentrations, the curve bends upward because of a small Na+ permeability. The fitted ratio for relative permeability of Na+ versus K+ was 0.02, indicating that the channels are highly potassium selective.
In Figure 3A , the peak current is plotted as a function of the voltage-clamp step. At membrane potentials more negative than -60 mV, no ionic currents were observed. At more positive membrane potentials, outward current increased because of the opening of more channels and the increased driving force for outward movement of K+. A normalized conductance-voltage relation for the Kvl.4 channel is shown in Figure 3B . This activation curve was fitted with a Boltzmann function to obtain the midpoint (V1/2) and slope factor s. Data were obtained from the peak currents as in Figure  3A permeability of Na+ to K+ (a) was 0.02, indicating that the channel is at least 50 times more selective for K+ than Na+. factor was 4.1+0.23 mV (n=9). These values are fairly similar to the values reported by Tseng-Crank et a118 for a rat cardiac channel expressed in Xenopus oocytes.
We fitted the falling phase of the inactivating current with an exponential function to obtain an empirical estimate of the rate at which the channels become inactivated. Over the range of membrane potentials between -10 mV (r=50.5±4.6 msec, n=10) and +40 mV (r=48.6+3.5 msec, n=10), the apparent r showed no statistically significant voltage dependence. Figure 2B . PK indicates K' permeability. The line through the data is a best-fitting Boltzmann function (see "Materials and Methods").
A characteristic of cardiac ITO in native myocytes is its relative sensitivity to block by 4-AP.1'67,19 Native ITO can be significantly inhibited by concentrations under 1 mM. The concentration-response relation was constructed by measuring the suppression of peak current in the presence of 4-AP during a 0.05-Hz train of pulses from -120 to +20 mV. Although such a measurement does not take into account potential dynamic interactions of 4-AP with different channel states,20 it is a useful measure of the relative ability to inhibit the channels. Under these conditions, HK1 channels were half maximally inhibited by 700±60 ,M 4-AP (n=10). Pre-pulse potential (mV) FIGURE 4. Voltage dependence of channel availability. V112, half-maximal inactivation. Standard two-pulse protocols were used to assess the voltage-availability relation (inactivation curves) in oocytes expressing human Kvl.4 channels. The prepulse durations were 2 seconds, and the test pulse was to +40 mV. The best nonlinear least-squares fit of a Boltzmann function (see "Materials and Methods") is also shown.
Discussion
The results described in this article demonstrate the functional expression of an inactivating K' channel cloned from human heart. A Northern9 analysis has revealed that Kvl.4 mRNA is expressed in both human atrium and ventricle. Kvl.4 RNA was slightly more abundant in ventricle than in atrium and was present at levels approximately equal to that of Na+ channel message.921 Our data showing the expression of functional K'-selective channels from human Kvl.4 cDNA suggest that channels or subunits derived from Kvl.4 may contribute to a component of the human ITO-Comparison With Other Cloned K' Channels Some properties of inactivating K' channels are shown in Table 1 ; data on this human channel clone are compared with published data on other cloned channels as well as with ITO found in native cells. The naming convention" for the cDNAs that we have used does not recognize the potential differences among the actual channel proteins, and important functional distinctions appear to exist among the channels derived from these clones. The deduced primary amino acid sequence of the human channel (HK1, Kvl.4) differs slightly from the rat cardiac isoform,10,18 and they are both similar but not identical to a channel cloned from rat brain16 (RCK4), which is also classified as Kvl.4. The rat brain Kvl.416 (RCK4) and human cardiac Kvl.4 (HK1) differ in length by two amino acids, and they differ in the region near amino acids 84-98, where four arginines are replaced by three glutamic acids and one alanine causing a reversal of charge. Significant functional differences appear to exist between the cardiac and brain channel proteins as shown in Table 1 . In particular, the brain channels are less sensitive to 4-AP, X for inactivation is larger, the V1/2 for inactivation is more negative, and the inactivation slope factor s is greater.
Comparison With ITO in Native Cardiac Cells
At least two components of the ITO exist in native heart cells: one is voltage dependent and inhibited by 4-AP, and the other component appears to be [Ca 2]i dependent and is blocked by caffeine and ryanodine. 3 Shibata et a17 studied the contribution of the voltagedependent, Ca21-independent, 4-AP-sensitive transient outward K+ current to the action potentials in human atrial cells. 4-AP (0.5 mM) significantly (>50%) reduced ITO in the human atrial cells. Block of ITO by 4-AP (0.5 mM) had dramatic effects on the action potential, not only on phase 1 but also on the duration.7
The cloned human K+ channel we have investigated has many functional characteristics similar to a component of the cardiac ITO,2-7 which has been observed in a number of different species and tissues including rabbit and human atrium, canine and rat ventricle, and rabbit crista terminalis. The rate of macroscopic inactivation of human Kvl.4 was similar to that observed in native myocytes. However, we observed that the midpoints for channel activation and inactivation for the expressed human channel were more negative than those observed in native human myocytes.37 We also observed that the expressed human channel recovered very slowly from inactivation, much slower than that reported for native ITO (see Table 1 ). A similar slow recovery from inacti- vation was observed by Tseng-Crank et al18 for rat Kvl.4 expressed in oocytes. The reason for this slow recovery of the cloned channels is not known, but it appears not to be due to the oocyte expression system in that similar rates of recovery are observed with human and rat Kvl.4 expressed in mouse L cells. One possibility is that some cofactor that modulates inactivation is missing in the expression systems. Another possibility is that native cardiac channels are heterotetramers and consist of different K' channel subunits.2425 In this case, the native heterotetrameric channel might have different recovery kinetics than the homotetrameric channels that are expressed from a single type of cRNA.
